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Abstract 

The effects of AAti;-tensor coupling on the spin symmetry of A spectra in A-nucleus systems 
have been studied with the relativistic mean-field theory. Taking ^^C+A as an example, it is found 
that the tensor coupling enlarges the spin-orbit splittings of A by an order of magnitude although 
its effects on the wave functions of A are negligible. Similar conclusions has been observed in 
A-nucleus of different mass regions, including ^®0+A, ^"^Ca+A and ^"^Pb+A. It indicates that the 
spin symmetry in anti-lambda-nucleus systems is still good irrespective of the tensor coupling. 
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Spin symmetry and pseudo-spin symmetry in single particle spectrum of atomic nuclei 
have been discussed extensively in the literature. In atomic nuclei, there are a very large 
spin-orbit splitting, i.e., pairs of single particle states with opposite spin {j = i ± |) have 
very different energies. This fact has allowed the understanding of magic numbers in nuclei 
and forms the basis of nuclear shell structure [1]. More than thirty years ago pseudo-spin 
quantum numbers have been introduced hj £ = £±1 and j = j for j = £±^ and it has been 
observed that the splitting between pseudo-spin doublets in nuclear single particle spectrum 
is an order of magnitude smaller than the normal spin-orbit splitting [2, 3]. 

Pseudo-spin symmetry (PSS) is an important general feature in the nuclear energy spectra 
and has been extensively discussed in the framework of the relativistic mean-field (RMF) 
theory [4-8]. Since the relation between the pseudospin symmetry and the RMF theory was 
first noted in Ref. [i], the RMF theory has been extensively used to study the pseudospin 
symmetry in the nucleon spectrum. In Ref. [5], it suggested that the origin of pseudospin 
symmetry is related to the strength of the scalar and vector potentials. Ginocchio took a 
step further to reveal that pseudo-orbital angular momentum is nothing but the "orbital 
angular momentum" of the small component of the Dirac spinor, and showed clearly that 
the origin of pseudo-spin symmetry in nuclei is given by a relativistic symmetry in the Dirac 
Hamiltonian [(>]. The quality of pseudo-spin symmetry has been found to be related to 
the competition between the centrifugal barrier and the pseudo-spin orbital potential [7, 8] 
within the RMF theory. 

Recently, the possibility of producing a new nuclear system with one or more anti-baryons 
inside normal nuclei has gained renewed interest [9-1-3]. It motivates us to study the spin 
symmetry in the single A spectrum, which can provide more information on the antiparticles 
and their interaction with nuclei. 

As the negative energy solutions to the Dirac equation are interpreted as antiparticles 
under G parity transformation, the RMF theory has been used to investigate the antin- 
ucleon spectrum, and a well developed spin symmetry has been found in the antinucleon 
spectrum [14]. The spin symmetry for anti-Lambda spectrum in atomic nuclei has been ex- 
amined and a better spin symmetry than that in antinucleon has been reported in Ref. [15]. 
However, the impurity effects of A and tensor coupling effects were neglected there. Here in 
this work, the spin symmetry in anti-Lambda hypernuclear system will be investigated with 
both the impurity of A and tensor coupling included. 
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The tensor force has been discussed over many decades. Its contribution to the spin- 
orbit sphtting has been discussed by Arima and Terasawa in terms of the second-order 
perturbation [16]. The importance of the tensor force for the nuclear binding energy has 
been demonstrated in Ref. [17]. Recently, the tensor force was shown to have a distinct 
effect on the evolution of the nuclear shell structure [18-22] and appropriate conservation 
of pseudo-spin symmetry [21, 23, 24]. The importance of tensor coupling effects in reducing 
the spin-orbit splitting of A single particle energy spectrum has been extensively discussed 
in the single-A hypernuclei [25, 27, 28]. Therefore, it is essential to examine further the spin 
symmetry of A in A-nucleus system with the presence of AAcj-tensor coupling with the RMF 
theory. 

For A-nucleus system, the corresponding Lagrangian density £ can be written into two 
parts, 

C = Cn + C^, (1) 

where is the standard Lagrangian density that has already been extensively and success- 
fully applied to ordinary nuclei [29]. The second part for A hyperon with the AAcj-tensor 
coupling is given by. 



= i^A in^df, - mA - g^AO- - Qu^Al^^p.) V^A 

-^-^a'^'^n.^i;-^ (2) 



fu}A 



4mA 

where mA is the mass of A and chosen as = 1115.7 MeV, QoA^QujA ^-^e the coupling 
strengthes of A and a, u meson fields, and /^a is the AAw tensor coupling strength. The 
field tensor VL^y for the cj- meson is defined as Vl^y = d^Uy — d^uj^. 

With the mean field and no-sea approximations as well as the stationary condition for 
hypernuclear system, one obtains the Dirac equation for the A, 

{a-p + /3(mA + %) + VA + TA}^/'A = eAV'A, (3) 

where the scalar potential is S'a = g^A^^ the vector potential Va = QujA^o and the tensor 

1 /a 

coupling potential Ta = —i^ ■ VVa. The set of eA values forms the single-particle 

2mA 9u,A 

energy spectrum of A. 

According to the G-parity transformation, the coupling strengthes for A and mesons are 
related to those for A. Taking into account the many-body effects, an universal reduction 



factor ^ (0 < ^ < 1) is introduced as that in Refs. [11, 12], 

9aK = ^9aA, (4) 

9ujA = -^givA, (5) 

It has been found that the choice of = 0.3 is consistent with the empirical p — A optical 
potential [12] and will be used in the following studies. According to the Okubo-Zweig-Iizuka 
(OZI) rule in naive quark model, the ratio a(= IujaIQuja) of AAo; tensor coupling strength 
to A-cj coupling is taken as a = — 1 [27, 30]. 

With the restriction of spherical symmetry, the Dirac spinor of A has the following form, 

where Yjj^{6,(f)) are the spin spherical harmonics, GnK{r)/r and Fnf^{r)/r form the radial 
wave functions for the upper and lower components with n and h radial nodes, and /t = 
(1 + (T ■ £) = {—\y^^'^^/'^{j + 1/2) characterizes the spin orbit operator and the quantum 
numbers i and j. 

With the relation k(1 + k) = l{l + 1), the Dirac equation (3) can be rewritten as a 
Schrodinger-like equation for the dominant component of Dirac spinor ^/'a? 

1 dV_ d i(i + 1) 



2M1 



dr'^ ~^ 2M1 dr dr 



f fT(r) 1 dV\ K 1 r^2/ X xn 

-J^^T + m + V+} G.„(r) = £iG„,(r), (7) 

with V± = VA{r) ± S^ir), 2M^ = mA ± e + 1^^, T(r) = drV^, and T'(r) is the first 

derivative of T(r). 

One notices in Eq.(7) that the total spin-orbit potential (the term ~ k, denoted as 

"Total"), which determines the energy difference between the spin-orbit partner states, is 

T(r) 

composed of two terms. The first term is from the contribution of tensor coupling ( , 
denoted as "Tensor"), and the second term is the original spin-orbit potential from the 

derivative of central potential ( denoted as "Central"). 

^ 4M;2 dr ' 

Recently, a new set of parameters for effective A-nucleon interaction with AAw-tensor 
coupling, PKl-Yl {gakl9aN = 0.580, Quja/ QuiN = 0.620, a = —1) is obtained by global 
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FIG. 1: Single particle energies for A witli(a = —1) and witliout(a = 0) tensor coupling in ^^C+A. 
For comparison, the insets show the corresponding results for A in j^^C 

fitting the binding energies of single-A hypernuclei in different mass regions, based on tfie 
PKl effective interaction [31] for tlie nucleon part. Tfie PKl-Yl set is sliown great success 
in tlie description of both the single-A binding energies and A spin-orbit splittings [32] and 
will be adopted in subsequent calculations. 

Taking ^^C+A as the first example, the effects of tensor coupling on the spin symmetry 
in single-A energy spectrum are studied. Figure 1 shows the single particle spectrum for 
A in ^^C+A. In order to illustrate the tensor coupling effects on the spin-orbit splittings, 
the single particle energy spectrum for A without (a = 0) tensor coupling is also plotted 
in Fig. 1. For comparison, the corresponding results for A in are given as well in the 
insets. It shows clearly that the spin-orbit splittings of each spin doublets for A are much 
smaller than those for A if the tensor coupling is not considered (a = 0). However, the 
opposite phenomena occurs after taking into account the tensor coupling {a = —1), i.e., the 
spin-orbit splitting size becomes very small for A states as found in Refs. [27, 30, 33, 34], 
but significant for A states. 

We show in Fig. 2 the potentials of scalar S{r), vector V{r) types and their difference 
S{r) — V{r) (cf. Eq.(3)) as well as the spin-orbit potentials (cf. Eq.(7)) for A in ^^C+A 
from the RMF calculations without and with the AAw-tensor coupling. For comparison, the 
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FIG. 2: The comparison of scalar, vector and total potentials (upper panels) and spin-orbit poten- 
tials for A in j^C and A in ^^C+A from the RMF calculations without (a = 0, dashed line) and 
with (a = —1, solid line) the tensor coupling. 

corresponding results for A in are given as well. As seen in Fig. 2, the vector potential of 
A changes its sign because of G-parity symmetry. The derivative of the difference between 
the vector and scalar potentials changes dramatically with the radial coordinate r only for r 
smaller than 1.5 fm, which leads to the central part of spin-orbit potential decreasing rapidly 
to zero at ~ 1.5 fm. However, for A in ]^C, it is shown that the difference between the vector 
and scalar potentials is quite large. As the consequence, the corresponding central part of 
spin-orbit potential is much larger than that for A. 

Of particular interesting is the onset of almost opposite phenomena after taking into ac- 
count the tensor coupling effects. The contribution from tensor coupling ( "Tensor" ) reduces 
the spin-orbit potential for A, but enhances that for A. These effects can be observed on 
the splitting size of spin-orbit partner states, as partly shown in Fig. 1. 

In Tab. I, we give the values of spin-orbit splittings, 

AE = e(j = i - 1/2) - e(j = i + 1/2) (8) 

for A in and for A in ^^C+A from the RMF calculations both without {a = 0) and 
with (a = —1) the tensor couplings. To show the tensor coupling effects on the splitting 
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TABLE I: Spin-orbit splittings of A in and of A in ^^C+A from the RMF calculations with- 
out (a = 0) and with (a = —1) tensor coupling. In the calculations with tensor coupling, the 
expectations of the spin-orbit potentials labled with "Central" , "Tensor" and "Total" in Fig. 2 are 
calculated with the dominant components in the Dirac spinors of spin doublets. Their differences 
are shown respectively in column "AS'OP" . All energies are in units of MeV. The experimental 
value of the spin-orbit splitting for states in j^C is 152 it 54 it 36 keV [35]. 











ASOP 










Central 


Tensor 


Total 


13p 


Ip 


1.51 


1.47 


-1.20 


0.27 


0.26 




Ip 


0.64 


0.64 


1.85 


2.49 


2.49 


+A 


2p 
Id 


0.33 
0.48 


0.32 
0.50 


1.03 
2.87 


1.35 
3.37 


1.37 
3.37 




If 


0.28 


0.30 


3.18 


3.48 


3.47 



quantitatively, we calculate the expectations of the spin-orbit potentials with the dominant 
components in the Dirac spinors of spin doublets, 

SOP . / ,rG(rr (-^ - j^'^) ^ 

- f drGirf— —drV-. (9) 

where the first term is labled with "Central" , and the second term is labled with "Tensor" , as 
indicated in Fig. 2. The difference of the expectations of total spin-orbit potentials between 
the spin doublets {ASOP) gives mainly the observed spin-orbit splittings. 

As seen in Tab. I, the spin-orbit splitting for pa states of C is 0.26 MeV, which is in 
agreement with the corresponding data 152±54±36 keV [35]. For A, the spin-orbit splittings 
of lp,2p, Id, If states with the tensor coupling contribution are found to be (1.37 ~ 3.47) 
MeV, which is an order of magnitude larger than those without the tensor coupling (0.28 ~ 
0.64) MeV. 

It is noted that the spin-orbit splitting without the tensor coupling is almost the same as 
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FIG. 3: Radial wave functions for p\ states in j^'^C(left panel) and p]^ states in ^^C+A(right panel). 
In each case, the top panel represents results without tensor coupling (a = 0) and the lower part 
displays results with tensor coupling (a = —1). 

the "Central" part of the spin-orbit sphtting in the calculations with the tensor coupling. 
It indicates that the tensor coupling has negligible contribution to the "Central" part of 
spin-orbit potential through the rearrangement of mean-fields. However, the addition con- 
tribution from the tensor coupling to the spin-orbit potential of A, corresponding to the 
"Tensor" term, dominates the final spin-orbit splittings in the calculations with the tensor 
coupling. Table I shows clearly that the "Tensor" part of the spin-orbit splitting almost 
cancels the "Central" part for A states in j^^C, but enhances that for A states greatly in 
i^C+A. 

In Fig. 3, we plot the radial wave functions for pa states in j^^C and states in ^^C+A 
from the RMF calculations with and without the tensor couplings. It shows clearly that 
the tensor coupling effect is significant on the dominant components of Dirac spinors for A 
spin-orbit partner states. It recovers the spin symmetry on the wavfunctions of p\ spin-orbit 
partner states. For A, the same good spin symmetry is observed from the calculations with 
and without the tensor couplings for the dominant components of wavefunctions of spin-orbit 
partner states, because the spin-orbit potential of A (~ 1 MeV) is much smaller than the 
corresponding total potential + 5*^ (~ 280 MeV). Therefore, the changing of spin-orbit 
potentials due to the tensor coupling has negligible influence on the final wavefunctions of 
A states. 

The tensor coupling effects on the spin-orbit splittings for A have been studied system- 
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TABLE II: Spin-orbit splittings for different single-particle states of A in ^^0-|-A, "^"Ca-I-A, and 
208p|-|_|_^ from the RMF calculations without (a = 0) and with (a = —1) tensor coupling. All 
energies are in units of MeV. 
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atically for A-nucleus in different mass regions, including ^^0-|-A, ^°Ca-|-A and ^°^Pb-|-A 
as shown in Tab. II. The tensor coupling effects on the spin-orbit splitting for ^^0+A, 
^°Ca-|-A and ^°*Pb-|-A are similar as those for ^^C+A. Specifically, the spin-orbit splittings 
of A in the calculations with the tensor coupling are found to be (1.12 ~ 2.48) MeV in 
i^O+A, (0.75 ~ 1.48) MeV in ^°Ca+A, and (0.05 ~ 0.76) MeV in ^ospb+A, which are an 
order of magnitude larger than those from the calculations without the tensor coupling, 
i.e., (0.16 ~ 0.39) MeV in ^^O+A, (0.05 ~ 0.26) MeV in ^°Ca+A, and (0 ~ 0.15) MeV in 
208pj^_j_^_ Moreover, it is noted that the spin-orbit splittings for A decrease with the mass 
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number A no matter the tensor coupling is considered or not. 

In summary, the tensor couphng effects on the spin symmetry of A in several anti-Lambda- 
nucleus systems have been studied in the RMF theory with the new effective hyperon-nucleon 
interaction PKl-Yl for A. The coupling strengthes of A with meson fields are obtained using 
G-parity transformation, where, as usual, an universal reduction factor C, = 0.3, consistent 
with the empirical p — A optical potential, is introduced to take into account the many-body 
effects. 

For ^^C+A, the spin-orbit splittings with tensor coupling are found to be (1.37 ~ 3.47 
MeV for A) an order of magnitude larger than those without the tensor coupling (0.28 ~ 

0. 64MeV). The contribution from the tensor coupling has the dominant contribution to the 
splittings. Since the mean-field potentials for A are greatly large than the corresponding 
spin-orbit potential, the dominant components of the Dirac spinors for spin-orbit partner 
states are almost identical irrespective of the tensor coupling. It indicates that the tensor 
coupling effects on the wave functions are negligible for A. Therefore, the spin symmetry 
for A in ^^C+A system is still quite good even with the consideration of the tensor coupling. 
Similar phenomena has also been observed in A-nucleus of different mass regions, including 
^^0+A, "'''Ca+A and ^°^Pb+A, and the conclusion remains. 

1. ACKNOWLEDGEMENTS 

We would like to thank Avraham Gal for drawing our attention to possible implications 
of the tensor coupling in Lambda and antiLambda hypernuclei as well as illuminating dis- 
cussions. This work is partly supported by the National Key Basic Research Programme of 
China under Grant No 2007CB8 15000, the National Natural Science Foundation of China 
under Grant Nos. 10947013, 10975008 and 10775004, the Southwest University Initial Re- 
search Foundation Grant to Doctor (No. SWU109011). 



[1] M. G. Mayer and J. H. D. Jensen, Elementary Theory of Nuclear Shell Struture (New York: 
Wiley) (1955). 

[2] A. Arima, M. Harvey, and K. Shimizu, Phys. Lett. B 30, 517 (1969). 
[3] K. Hecht and A. Adler, Nucl. Phys. A 137, 129 (1969). 

10 



[4] C. Bahri, J. P. Draayer, and S. A. Moszkowski, Phys. Rev. Lett. 68, 2133 (1992). 
[5] A. L. Blokhin, C. Bahri, and J. P. Draayer, Phys. Rev. Lett. 74, 4149 (1995). 
[6] J. N. Ginocchio, Phys. Rev. Lett. 78, 436 (1997); Phys. Rep. 414, 165 (2005); and references 
therein. 

[7] J. Meng, K. Sugawara-Tanabe, S. Yamaji, P. Ring, and A. Arima, Phys. Rev. C 58, 628(R) 
(1998). 

[8] J. Meng, K. Sugawara-Tanabe, S. Yamaji, and A. Arima, Phys. Rev. C 59, 154 (1999). 
[9] T. Biirvenich, I. N. Mishustin, L. M. Satarov, J. A. Maruhn, H. Stocker, W. Greiner, Phys. 
Lett. B 542, 261 (2002). 

[10] I. N. Mishustin, L. M. Satarov, T. J. Biirvenich, H. Stocker, and W. Greiner, Phys. Rev. C 

71, 035201 (2005). 
[11] E. Friedman, A. Gal, and J. Mares, Nucl. Phys. A 761, 283 (2005). 

[12] A. B. Larionov, I. N. Mishustin, L. M. Satarov, and W. Greiner, Phys. Rev. C 78, 014604 
(2008). 

[13] A. B. Larionov, I. A. Pshenichnov, I. N. Mishustin, and W. Greiner, Phys. Rev. C 80, 
021601 (R) (2009). 

[14] S. G. Zhou, J. Meng, and P. Ring, Phys. Rev. Lett. 91, 262501 (2003). 
[15] C. Y. Song, J. M. Yao, J. Meng, Chin. Phys. Lett. 26, 122102 (2009). 
[16] A. Arima and T. Terasawa, Prog. Theor. Phys. 23, 115 (1960). 

[17] B. S. Pudhner, V. R. Pandharipande, J. Carlson, S. C. Pieper, R.B. Wiringa, Phys. Rev. C 
56, 1720 (1997). 

[18] T. Otsuka, T. Suzuki, R. Fujimoto, H. Grawe and Y. Akaishi, Phys. Rev. Lett. 95, 232502 
(2005). 

[19] G. Colo, H. Sagawa, S. Fracasso and P. F. Bortignon, Phys. Lett. B 646, 227 (2007) 
[20] G. J. Mao, Phys. Rev. C 67, 044318 (2003). 

[21] W. H. Long, H. Sagawa, N.V. Giai, and J. Meng, Phys. Rev. C 76, 034314 (2007). 

[22] W. H. Long, H. Sagawa, J. Meng, and N. V. Giai, Europhys. Lett. 82, 12001 (2008). 

[23] W. H. Long, H. Sagawa, J. Meng, and N. V. Giai, Phys. Lett. B 639, 242 (2006). 

[24] W. H. Long, Peter Ring, J. Meng, N. V. Giai, and Carlos A. Bertulani, Phys. Rev. C 81, 

031302(R) (2010). 
[25] J. V. Noble, Phys. Lett. B 89, 325 (1980). 

11 



[26] C. B. Dover and A. Gal, Progr. Part. Nucl. Phys., Vol. 12, p. 171 (1984), ed. D. Wilkinson ( 

Pergamon Press, Oxford). 
[27] B. K. Jennings, Phys. Lett. B 246, 325 (1990); M. Chiapparini, A. O. Gattone, and B. K. 

Jennings, Nucl. Phys. A 529, 589 (1991). 
[28] J. M. Yao, H. F. Lii, G. Hillhouse, and J. Meng, Chin. Phys. Lett. 25, 1629 (2008). 
[29] J. Meng, H. Toki, S. G. Zhou, S.Q. Zhang, W. H. Long, and L. S. Geng, Prog. Part. Nucl. 

Phys. 57, 470 (2006). 
[30] J. Cohen and H. J. Weber, Phys. Rev. C 44, 1181 (1991). 

[31] W. H. Long, J. Meng, N. VanGiai, and S. G. Zhou, Phys. Rev. C 69, 034319 (2004). 
[32] H. F. Lii et al, to be published. 

[33] J. Mares, B. K. Jennings, Phys. Rev. C 49, 2472 (1994). 

[34] Z. Y. Ma, J. Speth, S. Krewald, Baoqiu Chen, and A. Reuber, Nucl. Phys. A 608, 305 (1996). 
[35] S. Ajimura et al, Phys. Rev. Lett. 86, 4255 (2001). 



12 



